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SUMMARY

Tue arnethopterin-resistant bacteriuni Streplococc us faeciuin var. (lul’ans/Ak (S I’ / Ak)

synthesizes at least two species of tetrahuydrofolate dehnydrogenuase. The more abwndanut
species, designated Jo/ale reductase, catalyzes the pyridini e niucleotide-depenudent reductions

of folate and dihvdrofohate. It has beets purifie’d 68-fold and resolved from a minor species.

Thie minor species of enzyme apparenutly is thie specific fli/ly(lrofolate reductase, svimichu is
prevalent in the amethopterin-senisitive parent strain, � faecium � (lurans 0 (SI”, 0),
and mediates only dihydrofolate reduction.

Folate reductase has an estimated molecular weight of 22,500. Like tine tetrahnydrofolate

dehuydrogenases of animal sources, it catalyzes dihydrofolate reduction more rapidly titans
folate reduction. Several kinetic chiaracteristics of folate and dihvdrofolate reduction were
determined. Similarities between thue folate reductase of SI”: Ak and tine nonbacterial tetra-
hydrofolate dehydrogenases pointed to tine usefulness of this bacterial folate reductase ins
evaluating the reductase-inshibitory activity of new ehnemicals synthesized as potential
chemotherapeutic agents. Anualyses of the inhibition of folate amid dihuydrofolate reduction
by amethopterin and by a ruew quinazolinne anntifolate, N-[p-[[(2 ,4-diamino-5-niet.lnvl-6-
quinazolinyl) methlvl]amino]bemuzovll-L-aspartic acid, (lesignated nsethiasquinn, suggested that

the latter may be beneficial clinuicallv amid, perhuaps, more effective than amethiopterin. The
enzyme-methuasquinu interaction is slightly firmer than tine emuzynie-amethopterims inter-

actions anud, unlike tue latter, is relatively inudepenudeist of experinienstal conditions.

INTRODU( ‘TrON

The enzymatic synthesis of tetrahvdro-

folic acid is mediated by the enzyme(s)
5 , 6 , 7 , S-tetrahvdrofolate: NAD� (NADP�)

oxidoreductase (EC 1.5.1.3), called tetra-
hiydrofolate deluydrogensase, folate (folic)

reductase, and, frequently, dihydrofolate

(- ic) reductase. Tetrahvdrofolate dehvdro-
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gennases isolated from neoplastic sources
(1-3) catalyze the reduction of folk amid

dihydrofohic acids. Zakrzewski et al. (2)
named the purified reductase of the ameth-

opterins- resistam it sublinue of cultured Sa r-
coma iSO cells “folate reductase,” although
the enzyme mediates the reduction of folate
more slowly tItans that of dihydrofoiate. Per-

huaps this designation is phuysiologically more
appropriate than “dihydrofolate reductase,”
since there are reductases, such as those iso-

lated from 6Streptococc us faccium var. (lurans
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ATCC 8043 (4), from tine folate-symsthesizing

bacteria (5, 6), and from protozoa (7), thuat
display activity with dihydrofolate, but miot

withu folate.
The folate-depensdenst, amethopterinu-sens-

sitive bacterial strain S. faeciunn var. (lurans/

0 (SF10) synthesizes two types’ of tetra-
hnydrofolate dehiydrogetsa.se: fe/ate reductase,
which mediates thue reductions of both folate

and dihydrofolate, and a specific diii ydro-

Jo/ate reductase, the l)redominsant enzyme,

which fails to reduce folate (8). Both con-

tribute to the total dihiydrofolate reductase
activity of SF’/O. Ins the amethiopterin-
resistant mutant strain S. faecium var.

durans/Ak (SF/Ak), folate reductase is the

major form of tetrahydrofolate dehydrogen-
ase. Exponsentiaily grow’ing cells of SF/Ak

synthesize at least 200 times more folate
reductase than SF70. Presumably, the drug
resistance of SF/Ak depends upons the in-
creased synthesis of folate reducta.se, be-
cause tue level of specific dihydrofolate
reducta.se ins exponentially growirug cells of

SF/Ak is markedly lower than ins SF70.
Interest in the modes of resistance to

cancer chemothuerapeutic drugs prompted
the study of tine folate reductase of SF/Ak.
Apparent resemblance, in general, to the
enzyme of animal cells arid, specifically, to
the enzyme of rueoplastic cells with respect
to folate reductions suggested that the folate

reductase of SF/Ak might be the preferable
form of tetrahuydrofolate dehiydrogensase for
use in evaluatinng reductase inhibitors as
potential chemotherapeutic agents.

Thus paper describes the partial purifica-
tions and several properties of tlue folate
reducta.se of SF/Ak as well a.s the chuarac-
teristics of folate amid dihydrofolate reduc-
tiotu. It also deals withs the inhibitions of
folate ansd dihnydrofolate reductions by
amethopterins and by methasquims, a 2,4-
diaminuoquinazoline anstifolate (9) selected
for clinical trial. Thie imsfluersce of intracellu-
lar environsment ons tIne interaction of en-

zyme amid inhibitor is conusidered.

Materials

MATERIALS AN!) METHODS

Chemicals. Ti source arid/or preparations
of most of tine chemicals used in tisese
studies were described previously (8, 10).

Ametinopten’in (a gift from Dr. Harriet
Kiltie, Americans Cyanuamid Companuy) was
purified by ion-exchange chromatography.

The fractions used were determined to be
free of inhibitory constaminarits by bioauto-
graphic analyses as described previously
( 10). The concenstratiomi of solutions of

amethsopterin was based on the extinctions
coefficienst ins 0.1 N XaOH of 23,000 �t’

cm’ at 257 nm (ii). Methasquin, thue

(luinsazohinse antifolate N-[p-[[(2 ,4-diamino-
5-methyl-6-quinsazolinsyl) methuyl] aminuoj ben-

zoyl)-L-a.spartic acid disodium salt pentahy-

drate, was synthesized by Dr. .Johns Davoll
(Parke, Davis and Company, Middlesex,

Ensgland). Dr. Davoll, Dr. ,Johns Dice (Parke,
Davis ansd Company, Ann Arbor, Michu.),

and Dr. Harry B. Wood, Jr. (Cancer Chemo-
therapy National Service Center, Bethesda,
Md.), supplied bioautographically pure (9)
samples of this compound. DEAE-celiulose,

purchased from \ Ianns Research Labora-
tories, was wa.shed sequentially w’ith 0.3 N

HCI, water until neutral, 0.5 N KOH, arid
water until neutral (12). It was stored ins
glass-distilled water at 40#{149} Prior to use, it

was equilibrated with standard buffer (10
mM potassium phosphate, pH 7.4, 1 mar

witlu respect to EDTA). Reference proteins,
bovinne albumin (mol wt 67,000), ovalbumins
(45,000), chymotrypsinogen A (25,000), amid
myoglobin (17,800) were obtained from
i\Iansn Research Laboratories; arid ribo-
nsuclea.se (13,700), from the Worthingtons

Biochemical Corporations.
Source of Jo/ate reductase. Sl”/Ak is a

mutanut strains of SF/0. In a purinse- or

pyrimidinse-free medium (13), SF/Ak is
resistant to 2000-3000-fold higher conceni-
trationss of amethopterin. Ans extract of late

exponuential SF’/Ak cells obtainued by cons-
tinuous cultivations (14) was prepared arid

treated according to published methods with

protamine sulfate (15) and ammonium sul-
fate (10). The ammomsium sulfate fractions,

identified as I’ractioni hR (10), was thuen

treated as described below.

Methods

Enzyme purification. Consecutive molecu-

lar sieve and ions-exchange chromatography

was employed to increase the purity of Frac-

tions 1R. An S-mI portionn (1i7.6 mg of pro-
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teins, 67.4 diiuydrofolate reducta.se units) wa.s

used for each filtration through a 3 X 47 cm
column of Sepiuadex G-100; stansdard buffer
was the eluenit (1’ig. 1). Resultant fractions
(6.9 ml), wisicis luad specific activity values

of 4-14 dihuydrofolate reductase unuits/mg of
protein, were combined; a 33-nil portions of

the combinsed material was used for each

columns (1 x :35 cm) of DEAE-cellulose
(Fig. 2). After adsorptions on thue columns rind
elution w’ith 40 ml of starudard buffer, elution
with a gradient of increasing concentrations

of NaC1 ins standard buffer was initiated.
Tue gradienst was achieved by flowing 1.2 an

NaCl-stanudard buffer solutions insto stansdard
buffer in the constant-volume (800-ml) mix-
ing chamber. Immediately after elutions from

the DEAE-cellulose, the refractive insdices of

the fractious (6.9 ml) were read. Fractions

were dispenssed insto sacs of dialysis tubimug

and concentrated with solid sucrose (8).
After 18-20 mr ursder sucrose at 4#{176},the

dialysis sacs were rinsed free of adhering

sucrose amid immersed in 20 ml of cold stand-
ard buffer for 10 mm, and eachi treated frac-
tion w-as transferred to a Pyrex storage tube.

Determination of enzyme activity. The
spectrophotometric methnod (5) for measur-

ing dihydrofolate reductase activity as de-
crease ins absorbance at 340 rim at pH 6.5 anud
30#{176}was used to follow the course of the

purifications. One unsit of dihvdrofolate re-
ductase activity is the amoumit required to

catalyze the reductions of 1 �mole of dihuydro-
folate per minute under tine assay comsditiomss
described (8). The assay of folate reducta.se
activity (8) was ba.sed on tue method of
Raunio and Hakala (16). To inntiate tine
reactionu, NAD1�H (0.08 mM) was added to
the other components of the reductions mix-
ture (0.22 ma� folate, 10 mar NaHCO3, amid

enszyme preparation) ins 0.1 am sodium citrate,
pH 5.9. After incubation at 37#{176},the reduc-

tions product, Presumably tetrahuydrofolate,

was cleaved by acid, amid tine resultant

diazotizable amine was determined by ab-

sorbance at 560 num. One unit of folate reduc-

tase activity is the amount required to

catalyze the formations of 1 pmole of tetra-

hydrofolate Per minute.

Inhibition studies. The genneral procedure

for the kinsetic anualysis of inshuibitions has beens

described (10). Stanudard emnzvme assay cons-

ditionss were used, except thuat the inhnibitors
were incubated with the enzyme for 5 mini at

30#{176}prior to dihydrofolate reductions, or for

10 mini at 25#{176}prior to folate reductions, under
the specific experimental comnditiomus (IC-

scribed ins the legends to Figs. 9 arid 10.
Estimation of molecular weight. Calcula-

tionus were ba.sed on thse filtrationu behuavior of
folate reductase and the reference proteimns

on a colunins (2.5 X 87 cm) of Sephuadex

G-100 equilibrated withi stansdard buffer at
4#{176}.The method of Whuitaker was followed

(17).
Elect rophoretic analyses. Tine conditions

arid details of zone electrophsoresis with
starch gel ansd visualizations of enzyme bands
and proteins were described previously (5).

RESULTS

Purification. Tine dihvdrofohate reductase

a.ssay was used to follow tue course of purifi-

cation for rea.sonss of economy. Dextrans gel

filtration separated reductase activity frons

thue bulk of proteins (10) arid effected a sub-
stanstial purifications of the diluydrofolate re-

ducta.se activity of SF/Ak (Fig. 1). lots-

exchuansge chromatography with 1)EAE-

cellulose (Fig. 2) improved tIne purifications
arid also resolved the major form of reduc-
tase from a minor, more electronuegative form
(Figs. 2 amid 3). The most isighuly Purified

preparationss of the major form were tine
fractions usually eluted by 0.08-0.1 am

NaC1. As summarized ins Table 1, the ac-
tivity of peak eluates represented 68-fold
purification with 24 % recovery. Electro-
phoretic ansalyses of ion-exchange fractionss

�16
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30 40
FRACTION NUMBER

Fm G. 1. Pu ,‘ifi cation of folate reductuse of SF/Ak

b�j mo/cc u/ar .s’ieee chromatography

I )etails mire presented iii MEI’liODS.
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Lability and stabilization of enzyme activity.

Sucrose wa.s used to conscenitrate (7-fold) thne
NaCI eluates anud to stabilize tine enzyme

activity. Higisly purified preparationis ins

dilute solutions that hsad beenn frozen at - 20#{176}
after elutions from I)EAE-cellulose amid thsens

tlnawed lost 30-50 #{182}of their activity. Stor-

0.2 � in 0.23 man NAJ)PH had nso benseficial
effect. Wlsens stored at - 20#{176}after sucrose

conscenst rations, preparations retainsed ac-

� tivity for as lonug as 2 years. After concens-

o.m trated preparations mad beenn diluted ins

stansdard buffer, the activity was lost withsins
several miniutes. A diluent of stanndard buffer

constainsimng 0.05 � bovine albumins mains-
tamed tine activity of the enzyme during
experimenstatiomu. Thus, bovinne albumin at a

final conscenstrationi of 0.003 ‘7 was inicluded

ins all experimental reactions mixtures.

Fm(;, 3. Zone elect rophoresis in sta,’ch gel of dihydrofolale redu(’tases of SF .l�.

Experimental details of electrophoresis and visualizatioms of enzyme act ivitv bamids were described

previously (8); 0 represents tine origin, and + , the atsodal regions. Port iomss of I )EA E -cell tmlose fractions

were stlalyze(I its the following order: slots 1 and 2, major elut ion peak fract bus (0,05 mmmii of dihvdro-

folate redmictase activity per slot) ; slot 3, late fractious of deseeus(limsg limb of maj or peak (0.06 unit)

slot 4, pooled fract tomis of trail i mg end of major peak (0.04 unit ) ; slot 5, poole(I mu nor peak fract ions (0.02

muusit ) ; slot 6, coml)iumat jots of major peak (0.025 unit ) and minor peak (0.01 summit ) fract iomms,
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TABLE I

Purification of folate reductase from S. faeeium

ear. durans,Ak

Dihydrofolate
reductase activity

v I Total

Fraction urne � Spe- Totall

cific ac- ‘ Recov-

activ- tiv- er)”

ity ity”

Cell extract 85.01870.0 0.43 802 100

Fraction lii 61.6 905.5 0.57 519 65

Conuhined Sephadex
G-100 filtrates 323.8� 45.31018 463� 58

1)EAE-cellulose

eluates

Major peak (0.07-i

0.09 M NaCI) 30.2� 6.5�29.3 190 24

Instermediate frac-

tions (0.10-0.14 1

i�r NaCl) 50.4� 6.7�15.7 105� 13

Minor peak (0.15-

0.20 M NaCI) 6O.4� 5.8� 4.9 28� :3.5

a Values were computed on the basis of 85 nil

of bacterial extract.

Molecular weight. Tue molecular weighut of

the folate reductase of SF/Ak wnss estimated
to be 22,500 (Fig. 4).

Reduction of Dihydrofolate

Effect of ions. KC1 (0.1 M) was a consstit-

uent of the stansdard dihydrofolate reduc-
tase reaction mixture, ins 50 man potassium

phosphate buffer, pH 6.5. Either KC1 or
NaC1 at concentrations of 0.10-0.33 at ins the

standard reactions mixture stimulated thue
dihydrofolate reductase activity of the
folate reductase by 38%. LiCl (0.10-0.33 an)
arid NH4C1 (1 M) increased activity by 50 �.

MgCl2 between concentrations of 0.02 arid
0.1 M was slightly stimulatory (17%), but at
higher concenutratiouss it was inshsibitory. The

chlorides of Ba�, Ca�, Co�, Cu�, amid
i\1n� could riot be tested because of pre-
cipitation ins the reaction mixture or inter-
ference with absorbarsce at 340 rim. Sodium

acetate (0.1-0.7 M) increased activity by
26 %; sodium citrate at these concerstrrstions
had no activating effect and at 1 an was
inhibitory.

Effect of KC1 on pH optimum for dihydro-

Jo/ate reduction. The reductions of dihuydro-

R
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FIG. 4. Semilogarithmic plot of Ve/VO with

respect to molecular weight of protein markers and

folate reductase

The void volume (V,) was determined by elu-
tion of blue dextran (absorbance at 625 nm). The

absorbance of proteins was determined at 280 nm
except for myoglobin, which was read at 415 nm.
The volume at peak elution of the proteins (A,
bovine albumius; 0, ovalbumin; C, chymotrypsino-

gen A; M, myoglobin; R, ribonuclease) was re-

garded as

folate unider conditions of salt activation
�sy� studied irs 50 mar potassium phosphate
buffer ins the pH ransge of 5.9-7.9. Reaction

rates were most rapid between pH 6.3 and
6.7, the ransge also optimum in the absence

of KC1 (10). Thus, pH 6.5 was selected for
kinetic studies.

Effect of KCI on (hhydrofolate reduction

with varied concentralums of reactants. When
the conscenstration of the substrate under
study was varied unsder otherwise standard

reactions conditions, the addition of KCI
increased thue initial reaction velocity with

conscentrations of 1.7-50 1.sal NADI�H arid
2-34 �M dihydrofolate. The insteraction of
NADPH with enzyme reflected Michaehis-
Mentens kirsetics in both the presence arid

absence of KC1 (Fig. 5). A double-reciprocal
plot (1$) of the data (Fig. SB) illustrates
that thue salt increased Vm� and slightly de-
creased tue Km value. From these amid simi-
lar results, the Km values for NADI�H were
calculated to be 4.22 j�ar (in the absence of

KC1) and 3.33 �M (ins the presence of KC1).

The interaction of dihydrofolate with the

erszyme, as illustrated in Fig. 6, differed.

Two slopes characterized the double-re-

ciprocal plots of the data for the control arid

salt-stimulated reactions (Fig. 6B), which

suggested an unusual interaction of dihydro-

folate and the enzyme. KC1 had little, if any,
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Fma. 5. Effect of concentration of NADPH on initial velocity of dihydrofolate reduction in the absence

(0) and presence (S) of 0.1 M KC1
Initial velocity (v) is expressed as moles per liter of dihydrofolate reduced p�r nniummute.

Fm. 6. Effect of concentration of dihydrofolate

on initial velocity of dihydrofolate reduction in the

absence (0) and presence (S) of 0.1 .mrKCi
Initial velocity (v) is expressed as moles per

liter of dihydrofolate reduced per mimsimte.

effect on the concentration of diiuydrofolate

required for hialf-maximal velocity. Thue K,,,

values for dihvdrofolate determined from
the plots of v with respect to S (Fig. 6A) were

4.5 �an ins the presence arid 5.5 �at ins the ab-
sensce of KCI.

Inhibition by Jo/ate and NADP. Folate

(7.6 12M) produced competitive inuhibition
when incubated for S mini at 30#{176}with the

purified reductase arid NADPH prior to the
addition of various amounts of dihydro-
folate to a series of reactions mixtures. Folate
decreased by 50% the initial reactions ve-
locities observed iviths 12.5 � anid lower

concentrations of dihuydrofolate; tine pres-
ensce of 16.7 �an dihydrofolate reversed the

inhibition. Tetrahsydrofolate, assumed to be
practically free of dihuydrofolate O’i the basis

of absorbansce maximum at 297 rim and
nseghigible absorbance at 340 rim, inhibited

the reactions poorly. Ins the presence of 0.13
man tetraiuydrofolate, thie activity was 67 %
of thse control value. NAD1� at 30 �ai ins-

huibited the velocity of each of a series of re-
actions containing 7-SO j�M NAD1�H.
NADP, which m�’as competitive with

NAD1�H, increased tise Km value for
NADPH 3-fold. NAI) at 10 �san was riot ins-
hsibitorv.

Reduction of Folate

Whsereas thse reductions of dihuvdrofolate

was studied directly by following tine de-
crease ins absorbance at 340 rim during the

NAI)PH-dependent reductions, a coupled
assay procedure (5, 16) was used to study the
reductions of folate. Stel) 1 insvolved tue en-
zymatic reductions of fohate, arid step 2, thue
measurement of the enszymatic product
after acid cleavage to diazotizable amine
(absorbansce at 560 rim). Thie coupled assay

procedure was more economical than a
spectrophotometric determinsation similar
to thue dihydrofolate reductase assay. With
the standard enzymatic reactions mixture
(step 1), a linear relationushsip was rioted be-
tweeni the extent of the reaction catalyzed
durinsg 30 mini and the amounsts of added cell
extract up to ars absorbansce of the resultant
diazotized amine approaching 0.4. The ve-
locity of step 1 was also linuearly proportional
to the durations of incubation unstil the ens-
zymatic product reached an amount equiva-

lent to diazotized amuse with absorbansce
of 0.4. Thse velocity of the reactions catalyzed
by luighly purified preparations was linearly
proportional to enzyme concentration (20

mm of incubation) amid time from 0 to 20

mini.

The abunsdance of this enszvme irs SF/Ak

cells minimized the interference of non-
specific cell constituents iui tine assay of folate
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reductase activity. By contrast, as lre-
vioushv pointed out (5), tiue relatively

greater presence of interfering factors ins
SF70 hindered measurement of the meager

amounts of folate reductase activity ins cx-
tracts of this strains. Under certain condi-
tions of assay (5), acceptable estimationis of

activity ins SF/O extracts could be made.

Effect of pH and KC1. Tue buffer for the
standard folate reductase reactions mixture

was 100 mar sodium citrate (pH 5.9), 10
mM irs sodium bicarbonate; KCI was not ins-

eluded. Tests showed that 50-300 man KCI

did not stimulate or inhibit the enszvme ac-
tivity in the citrate buffer system. The opti-
mum range for folate reduction ins citrate
was pH 5.4-5.75; at pH 3.9, the reactions was
10% lower. The increased stability of

NAD1�H at pH 5.9 prompted the selections
of 3.9 as tine stanidard pH of the system. In a

buffer of phosphate arid citrate, activity was
optimum around pH 3.0; 100 mat KC1 de-

creased the activity by 10% whuens thue pH

range was 4.7-6.0 but it had no insfluensce
whuens tue range was 6.4-7.0.

Reactants. With fohate as substrate, thie
enuzyme ss�as specific for NAD1�H as tine re-
ductanst, arid NADH (0.05 mM) could riot

replace XAD1�H. The reaction with 0.05 man
NADPH was riot inhibited by 0.03-0.24 mar
NADH. Whnemi tested separately ins tine

stansdard reactions, 0.24 mar NAI) ansd 0.24
mM NADP decreased tine activity by 11-
13%.

The effect of folate and NADI�H conscens-

trations 011 tue velocity of folate reductions

was investigated by using Sephiadex G-100

filtrations fractious. Results w’iths more

highly purified enzyme preparationss were
similar. Tine reactions conditionss were stand-

ard except that the concentration of tine sub-
strate unsder study was varied arid the imnitial
reactions velocity was based on 10 mini of ins-

cubations at 37#{176}.Tue initial reactions ye-

locity-NADPH concentrations relationssisip

followed tue \ I ichaelis- Menstens equations

(Fig. 7A). An apparent K�1 value of 14.3

Mar NAD1�H was derived from a double-re-
ciprocal plot of tine data (Fig. 7B). Studies

with supplemental KC1 yielded similar data

and K,,, value.

A graphical represenntatioms of tine insterac-

L� - J J L I I
0 1 2 3 -1 0 1 2 3 4

NADPH IM a � 1s �

FrG. 7. Effect of (‘oncentration of .VADPH on

initial velocity of folale reduction

Iusitial velocity (r) is expressed as moles per
liter of tetrahydrofolate formed per minute.

FuG. 8. Effect of concentration of folate on initial

velocity of folate reduction

Initial velocity (t’) is expressed as nnnoles per

liter of let rahydrofolate formed per nuinmute.

tions of folate with tine enzyme also reflected

Micinaelis-Menstens kinnetics (Fig. 8). Ye-

locitv was half-maximal at 29 MM folate

unsder standard consditionns modified as insdi-
cated above. With KCI in tine system, :30

Man fohate was thue K,,, value.

In/i ibit ion of Enzyme Activity

Insinibitiori by amethopterins ansd meth-

asquins (9) was inivestigated unsder several
different conditions (Figs. 9 amid 10) witis

DEAE-cehlulose fractions.

Inhibition oJ (lihys’/rofolate reduction in the

presence of KC1. Varied amounits of ameth-

oj)terini, each less thuans 25 nimoles/mg of

total proteins inn tine ennzyme preparation, ins-

huibited tine reductions linsearly. However, thne
consditionns unnder whuiciu thne enszvme was incu-
bated with inihnibitor at pH 6.5 anid 30#{176}prior
to the reactions affected tine extenst of the ye-
sultanst inhibitions (Fig. 9A). Simisltanseous

prior inscubations of ennzynue with amethsop-
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NANOMOLES OF INHIBITOR

MG OF PROTEIN

Fuo. 9. Inhibition of dihydrofolate reduction by

amethopterin (A) and inethasquin (B) in the pres-

ence of KCI

Enzyme activity was mneasured after incubation

of the enzyme preparationi with varied amounsts of

the inhibitors inn the absence (condition 1, #{149})or

presence of 0.1 m�a NAI)PH (condition 2, 0).

Reductions was initiated by the addition to the

previously incubated mixtures of 0.1 mm NAI)Pl-I

and 33 MM dihydrofolate (consditioui 1) or of 33 85mm

dihydrofolate aloune (conditions 2). l1ednctase ac-

tivity is expressed as activity relative to the re-

duction measured in the absence of inhibitor,

taken as 100. lmnhibitor quantities are described on

the basis of 1 mg of SF/Ak total protein; 0.11 �sg of

SF/Ak protein per milliliter was the experimental

amount (specific activity, 20 units).

term and NAD1�H (consditions 2) produced
more efficient inhibition. Relaxed inhibitions
occurred with the late additions of XADPH
(condition 1). Thsus, when the inshuibitor to
enzyme ratio (I/E) wa.s 25 nsmoles/mg of

total proteins, condition 1 effected only 30%
inhibitions amid conditions 2 gave 75% insinibi-
tiors. Titration with methasquin yielded

differenst results (Fig. 9B). Generally, inshibi-
tion by amounts of metha.squin equimolar to

amethiopterins was stronger arid was insflu-

enced onsly weakly by prior incubation condi-

tionss. The quiniazohinse inshibited propor-
tionally at I/E ratios less than 22 nmoles/mg

of total proteins. With an I/E ratio of 22
nsmoles/mg, the reductions was inhibited by
80% under condition 1 arid by 88% under
conditions 2. Tue differences ins degree of in-

hibition produced by tine two compounds

nuder cads set of consditionss were empha-

sized by tine titrationi values obtained by
extrapolating tine linear portion of each plot

to tue abscissa. (Titration values express the
ansounit of drug tiuat would completely in-
inibit thue enizyme ins 1 mg of total proteins inn
the preparation if inhibitions were linsear to
zero activity.) F�or ametbiopterins (Fig. PA),
46.5 nsmoies (conditions 1) arid 32.5 nsmoles
(conditions 2), arid for metiuasquins (l’�ig. PB),
27 nmoles (condition 1) ansd 24 rsnsoles (cons-

ditions 2) were the extrapolated amounts.

Inh ibitio-n of (lihydrofolate reduction in the

absence of KC1. Plots of data obtained by

titration with amethoj)terin amid methuasquin
ins the absence of KC1 showed that inhibitioni
after simultaneous preliminary incubation
of enzyme with inhibitor annd XADPH was
linearly proportional over a larger range of
I/E ratios thuans inhibitions followinng prior
incubation withiout NADPH. Like inshsibitions
ins the presence of KC1, innhsibition withs the
hsighier conscentrations range of amethiopterini

was somewhat more relaxed by tue absence

of NADPH during preliminary incubations.
Thie titrations values for boths drugs obtained
by extrapohating tine linear portionss of tIne
plots to tine abscissas, isowever, differed
little (10-13 %) from the value determinned
for methiasquins after simultaneous incuba-

tion with enzyme plus XAD1�H.
Inhibition of folate reduction. At pH 3.9,

also, simultaneous preliminary incubation of

enzyme withi ametisopterins arid NADPFI
strenigthuensed the inihiibitory activity of

amethopterims. The amounst of inhibitions by

methiasquin, negligibly affected by prior in-
cubation conditions, was greater thsans the
inhibitions by amethopterins. The addition of

KCI to the folate reductase system did nsot

modify the general chnaracteristics of inhibi-
tions, but did increase the effectiveness of
both compounds. The data for tine inhibitions

of folate reductions ins thie presence of KCI are

illustrated in Fig. 10; in general, tinese plots

resemble those describinig tine inshibitions of

dihydrofolate reductions (Fig. 9). However,

the values derived by titratinng the enzyme

under conditions of folate reduction were

lower than thsose obtained frons the data

plotted ins Fig. 9.
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Fno. 10. Inhibition of folate reduction by anmeth-

opterin (�4) and mimethasquin (B) in the presence of

0.1 .if KC1
Enzynse activity was measured after iuicuhation

of varied amounts of inhibitors and folate reduc-

tase in the abseunce (coundition 1, #{149})and presence

(conditions 2, 0) of 0.08 ‘nit NADPH. Reduction

was initiated by the addition to the previously

incubated mixtures of 0.08 mm NAI)PIT isuid 0.22

mM folate (cousdition 1) or of 0.22 mit folate alone

(condition 2). Heaction mixtures contained 1.14

jsg of protein of a folate reductase preparation

with specific activity values of 0.23 folate reduc-

tase and 20 dilsydrofolate redtnctase nunits. Iuihihi-

tor quantities are described out the l)asis of 1 mg of

total proteinn.

nrscussrox

SF/Ak is a rids bacterial source of a tetra-

hydrofolate dehsydrogennase whuichs differs dis-

tinictivehy from most bacterial dihiydrofolate
reducta.ses. A funsdamenstal characteristic

which distinsgui.shes thus tetrahnydrofolate de-

hydrogenase, tine folate reductase of Sl� /Ak,
is it-s catalysis of the reductions of folate as

well as dihnydrofolate. For SF/Ak, as for all
bacterial strainss requiring sinpplemenstal

folate for growth, synstinesis of a folate re-

ductase is a paramount functions. Tine isola-

tions from Lactobacillus leich mann ii of au

enszynue win icln reduces folate arid diisydro-

folate (19) also substanntiates tine necessity

of this form of reductase ins fohate-depensdenit

bacteria. Inn this respect, folate auxotrophss

resemble annimal cells. By contrast, folate

reductions is circumvensted ins foiate-insde-

pensdenst bacteria, sinsce dihiydrofolate is tine
primary product ins tine biogenesis of folate
coenszymes (20) ; for such bacterial systems,

a specific dihydrofolate reducta.se is ade-

iuate. It is suggested tiuat tine properties of
the folate reductase of SF/Ak are predomi-
nsanstly responsible for Use resistansce to
amethopterin , because ins the drug-sensitive

SF/O cells only 10 #{182}�of thue total dilsydro-
folate reducta.se activity is. attributable to

folate reductase (8).
Also present ins exponentially grosvinsg cul-

tures of SF/Ak is au extremely low level of

an enszyme whicis is insdistinnguishsable from

the specific dihnydrofolate reductase of
SF/O (8, 10) in electrophsoretic mobility
(Fig. 3), turnover of dihydrofolate, amid gel

filtration behavior.’ Tue role of thus minor

reductase ins tetrainvdrofolate synsthsesis
should nsot be minimized (8).

Thse bacterial folate reductase resembles
the diiuydrofolate reductase of lvnnplsoma

(21, 22) arsd Ehnrlich ascites carcinsoma cells
(1) irs Use ions-dependenit activations of di-
hydrofohate reductions. KC1 activated tine

mammalian emszyme 3-3-fold, but inscreased

the activity of tine bacterial enszyme by only

40%. Activations of the bacterial enszyme

probably also depends upons alterations of tine

catalytic site, which inscreases tine turnover
of dibsydrofolate, as explained by Perkins arsd
Bertinso (21) arid Reyes amsd Huensnsekenns

(22). A dissimilarity which influences the

pH optima may constribute to tine extenit of

activations. Tine pH optinsuni of tine bacterial

reductase was nnot altered by KCI; however,

a shift from double pH optima to a sinsgle

pH optimum after tine additions of KCI hnas
beens observed with mammalian ennzymes
(1, 3).

Several kinetic chnaracteristics of diiiv -
drofolate reductions catalyzed by time folate

reductase of SF/Ak parallel those described
for animal systems (1-3, 12, 22). A caicu-

lated turnsover of 816 moles of dihydro-
folate per mole of folate reductase ap-
proaches values determined for the enszynse

of nseoplastic cells (1-3). Tine K,,1 value of
3.3 MM NAD1�H agrees with tue kinsetic
consstanst determinsed for several mammalian
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reductases (1, 3, 12). A similar value was re-

ported for tine enszyme of tine drug-senssitive

Lympinoma L1210 ins thne absensce of KC1
(22), although KC1 increased thse Km for
the lymphnoma enszyme 4-fold.

Tine unusual insteraction of the folate re-

ductase with dilsydrofolate is riot under-
stood. Similarly abnsormal behavior huas beers

reported for the avians liver enzyme (12).

Tine curve for the data obtainsed ins the ab-

sensce of KCI instersects the abscissa to the

right of the zero intercept of the coordinates

and appears signsoidal. Sigmoid plots of ini-
tial velocity data typify many “allosteric

enzymes” (23, 24), of wisich many have sub-

unit structure (25). Thse small molecular

weight of folate reductase (22,500), mow-
ever, militates against a huypotiuesis insvolv-
insg subunit structure. It is possible that the

velocity data for tue low conscentrationns of

substrate reflect the limitations of the spec-
trophotometric assay. A more sennsitive
method of kinsetic ansalyses may iselp
to clarify tine basis of tine interactions of di-
iuvdrofolate with folate reductase.

Apparently, folate anid dihnydrofolate are

reduced via differenst mechanisms. Ins tisese

experiments folate was reduced optimally

witinins the more acid pH range of 5.4-5.75,

amid more slowly tunis dihsydrofolate. A turn-
over number of 12.1 was calculated for

fohate reductionn. KCl mad no stimulatory

effect. Thue kinsetic comsstansts were signifi-

cantly higher for folate reductions: tue K,,1

value for NAI)PH (14.3 MM) was 4 times
greater, and tine Km for folate (30 MM), 6

times greater, than the corresponding value

for dihydrofolate.

Whether tine differensces betweens the in-

hibitions of folate reduction arid dihydro-

folate reductions reflect dissimilar media-

nsisms of inshibitions is doubtful. Inhibitions by

amethopterins is extremely dependenit 011 pH

(26-28) arid, like innhiibitioni by aminnopterin
(4), results from a mutual binsding of enzyme
with inhibitor which is dependent upon ap-

propriate incubation conditionis. At pH 3.9,
inhibitions of the reductions of folate re-
sembled tue stoichiiometric insisibitions rioted

for the mammalians folate reductase (29).

It is possible that tine inhibition of dihydro-

fohate reductions reflected a slight dissociative
effect at j)H 6.5 on tine inshnibitor-enuzyme

consplex (26-28), amid perinaps also depended

ons thse lower temperature used for dihydrofo-
late reductions. Tine insvohvememst of NADPH
irs tine fohate reductase-amethopterins com-

l)1eX, especially at 1)H 6.5 ins tine 1r�senice of
I’Cl, is conssonsant with tIne hiypothnesis thirst a

firm ternsary complex (30) is respomssible for
the st ronngest innh ibitioms by amethopterin.

These observations, whicin corroborate the
finsdinngs of otisers, emphuasize the (lffects of

experimenstal consditionss upon ennzyme-ins-
hibitor binsdinsg. As a measure of reductase

conscentrations ins cell extracts, in lysates, or

inn purified enzyme preparations, titrations
witin amethopterin (29) is a� valuable tech-

nique but susceptible to modification by
mansy factors. TIne methsod has beens based

ons tine stoichuiometric insinibition of mamma-
liars folate reducta.se by the 4-aminofolate
amsalogues at pH 6.1 arid 37#{176}originsally de-
scribed by Werkhueiser (29). Sinsce tue mien-

bations mixture used by Werkheiser cons-
tainied ans NADPH-regenseratinng system, it

may be presumed that NADPH was present

durinig tine exposure of enszyme to tise 4-
aminiofohate analogues. Obviously, tine corndi-

tionis used by Werkheiser were optimum for
the stoichsionsetric binsdinsg of reductase,

upon which determinsationss of enzyme con-
cenitrations could be based. Tue titration
plots ins Figs. 9 arid 10 suggest that amy

small deviations from optimum conditions,

whnetiner imsvolvinng pH, the temperature of

inscubations, tine actions of thne reductanst, or

the salt conscenstration, may influence tue
reductase-ametbnopterins interactions amid

yield pseudostoichiometric binding and

differennt titratiors values. Apparently, quans-

titationi of reductase on tine basis of titrations

with ametliopterin is restricted to a precise

�et of coniditionis.
The quinsazolinse is not very much better

thians amethopterins as ans imshnibitor of tetra-

inydrofolate formations unider the consditionss
studied. Nevertheless, it is evident that tune
inshnibition by methsasquins reflects a firmer
binsdinng to the enizyme tinat is relatively insde-

pemsdemst of simultamieous irnteraction with
NAI)PH.

It hints beers assumed that 1 molecule of
ametinopterirs combines with one active
center of enzyme amid tisat one active cennter

exists per enszyme molecule (26). If tue data
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conscernsinng imsisibitions by amethsopterins and
methasquins reflect only interaction at the
active center, one may connclude that tine
firmest molecular insteraction of inhsibitor

arid enszyme at tine active center causes tine

most pronounced inhibitions. Ins sucis a case,
methasquins may be considered tine better

titrating reagent. (Tine NADPH insdepensd-
ennce of inhibitions by metinasquin does nsot
negate the binsdimng of methasquins at the

active site).

The molar comncenntrations of thne purified

preparations used in tine inshsibitions analyses
was calculated on tine assumptions that tine

inshibitions data resultinng from the titration
of folate reductase activity with nuetinasquin
at 37#{176}ansd pH 5.9 (Fig. lOB) did indeed
manifest the firmest equimolecuhar innterac-

tion of inibsibitor avithn enzyme. Ons the basis

of a molecular weight of 22,300, 1 rug of

pure reductase proteins would be equivahenst.
to 44.4 nnnnoles of ennzvme. TIne extrapolated
titrations poinnt was 19 nsniohes, insdicatinng
43 % purity. Titration iviths aniethopterin
(Fig. 1OA) suggested 57 � purity, i.e., 30 �
nuore enszynse. Cahculationns based ons the ins-

hsibitions of diiiydrofolate reductions, ins fact,

yield higiner values of purity.

Because of tine variation ins titrations values

(Figs. 9 arsd 10), selections of the data for
calculatinng tine molar conscentrationn of tine

purified preparation was problematical and
may be questioned. However, tine selections

was made primarily because tue experi-
menstal consditionns of folate reduction, rather
tisan those of diinydrofolate reductions, more

closely approximate thnose used by Werk-
heiser (29).

Several citsestionns renuai ns unsanssivered.
Presently, the exact role of KC1 is unsknnowns.

The rationale for tine differensce ins titrationi

values based ons the variations ins pH or tens-

perature of tine two enszvniatic reductions
may be erroneous. Amsd, if insinibitions by
methasquins reflects i nsteractioms both at thue

active censter arid at ansotiser enszyme site,

calculationss based on titration withu meths-
asqumms may be invalid. Consformationnal alter-

ations depensdemst upons emszyme-metisasquinn
interactions could inscrease tine inhibitory ac-

tivitv of nsethasquins.

As a ciiemothnerapeutic agent, methnasquins
nisay have greater valuse thans amethopterins.

Metabolites withins tine nseopiastic cell whsichn

may interfere with tine insteraction of re-

ductase amid ametisopterims nsay riot affect tine

tenacious complex of enzyme aind meths-

asquin. Thnese studies with the folate reduc-
ta.se of SF/Ak, ins pointing to tine multiple ef-

fects of tine instracellular ennvironsmenst ons

drug actions, yield thus insferensce.
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